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ABSTRACT

The neural cell adhesion molecule (NCAM) gene con-
tains an 801 nt exon that is included preferentially in
neuronal cells. We have set up an in vitro splicing
system that mimics the neuro-specific alternative
splicing profile of NCAM exon 18. Splicing regulation

is observed using model pre-mRNAs that contain
competing 5' or 3' splice sites, suggesting that dis-
tinct pathways regulate NCAM 5' and 3' splice site
selection. While inclusion of exon 18 is the predom-
inant choice in neuronal cells, an element in the 5'
common exon 17 improves exon 17/exon 19 splicing

in a neuronal cell line. A similar behavior is observed

in vitro as the element can stimulate the 5' splice site
of exon 17 or a heterologous 5' splice site. The mini-
mal 32 nt sequence of the exon 17 enhancer consists
of purine stretches and A/C motifs. Mutations in the
purine stretches compromise the binding of SR pro-
teins and decreases splicing stimulation
Mutations in the A/C motifs do not affect SR protein
binding but reduce enhancing activity. Our results
suggest that the assembly of an enhancer complex
containing SR proteins in a 5' common exon ensures
that NCAM mRNAs lacking exon 18 are made in
neuronal cells.

INTRODUCTION

in vitro .

of pre-mRNAs (3-5). Many vertebrate alternative and consti-
tutive exons contain purine-rich splicing enhancers bound by
subsets of SR proteins (1). In some situations, this interaction
can stabilize U2AF binding to an upstream 3' splice site
through RS domain interactions with U2&H6-8), while in
other cases, interactions with the U1 snRNP 70K protein may
improve downstream 5' splice site recognition (7,9,10). Given
that the position and sequence of splicing enhancers are impor-
tant for SR protein activity, tissue-specific differences in the
relative abundance of each SR protein may form the basis of
alternative splicing regulation in some situations. For example
HRS/SRp40 can mediate, in an enhancer-dependent fashion,
the specific inclusion of a rat fibronectin EIllIB exon in prolif-
erating liver (11). A similar role for SRp20 was reported in the
alternative splicing of its own pre-mRNA (12,13). However, at
least for some pre-mRNAs, additional RNA-binding proteins
are implicated either in stabilizing the interaction of SR pro-
teins (14,15) or in preventing the interaction of constitutive
splicing factors (16—21). In the neuro-specifismeexon N1,

the small size of this exon as well as flanking intronic negative
elements are responsible for its exclusion in non-neuronal cells
(22,23). In this case, PTB binds specifically to the upstream
control element to repress splicing of the intron downstream of
exon N1 (24). In neuronal cells, inclusion of N1 is mediated
through the binding of several proteins, including hnRNP F
and KSRP, to an intronic splicing enhancer (25,26).

We have chosen the mouse NCAM pre-mRNA as a model
system to study the regulation of alternative splicing. More
specifically, we focused on the neuro-specific inclusion of an
801 nt exon (E18) located in the 3'-region of the NCAM pre-

Although alternative splicing is implicated in the expression ofMRNA (27). E18 encodes an intracellular cytoplasmic domain
a large number of genes, understanding how the splicingf 267 amino acids that is important for adhesion-mediated
machinery selectively chooses a pair of splice sites in a give@vents (28,29). Analysis of the alternative splicing of E18 has
cell type or tissue remains a major challenge. In mammald)ighlighted the importance of the E18 5' splice site sequence in
consensus splicing signals cannot by themselves account ftire establishment of regulated splicing profiles (30). In a pre-
the high specificity associated with splice site selection andious study, we reported that nucleotides +5 to +8 of the E18
pairing in complex pre-mRNAs (reviewed in 1). Indeed, recenintron are involved in base pairing interactions with nucleo-
studies have identified otheis-acting elements and associatedtides upstream of the major branch site (31). In this case,
trans-acting factors that modulate the interaction of U1 snRNRduplex formation negatively influences NCAM 5' splice site
and U2AF with the 5' and the 3' splice sites, respectivelyselection in NIH 3T3 fibroblast extracts by interfering with the
(reviewed in 2). SR proteins can influence alternative splicingassembly of early splicing complexes. Here we report the
by promoting proximal 5' or 3' splice site selection on a varietyestablishment of arn vitro splicing system which allows
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model NCAM pre-mRNAs containing competing 5' spliceusing SP6 RNA polymerase (Pharmacia Biotech) from
sites or competing 3' splice sites to reproduce the regulatezbrresponding linear templates, in the presence of CAP analog
splicing profile of E18. In addition, we have identified a 61 nt (Pharmacia Biotech) and af3?PJUTP (Amersham Life
region in the 5' common exon E17 which stimulates E17/E1%ciences). Full-length transcripts were gel purified before use
splicing in a neuronal cell line. Using a neuronal extract, we(33).
show that a 32 nt portion of this element is bound by SR | . .
proteins and can stimulate a nearby downstream 5' splice sitePlicing extracts andin vitro splicing
Our findings suggest that the assembly of an enhancer complexeLa, Y79, N2a and NIH 3T3 cell nuclear extracts were pre-
inthe 5’ common E17 is an important event that helps establisfared as described (38). Splicing reactions were set up and
the delicate balance between NCAM E18 skipping angrocessed as previously described (39), except for Y79, N2a
inclusion in neuronal cells. and NIH 3T3 extracts, which were supplemented with 1 U of
creatine kinase. Splicing products were either separated on
polyacrylamide/urea gels (acrylamide:bisacrylamide 38:2)
MATERIALS AND METHODS directly or submitted to RT-PCR amplification, as described
Cells and transfection procedure (31) with the exception that 9 U of AMV reverse transcriptase
s .. (Promega) were used. The oligonucleotides used in the RT-
The pCMVdef vector was generated by sequentially inserting intp cp assay were SPg, (GAATACAAGCTTGGGCTGCA)
the previously described pCMVSV (32)Hinfl-Msd fragment a4 Nif2. The identity of the distal and proximal lariat bands
containing E17 with its 5' splice site and downstream intron, 55 confirmed by performing a debranching reaction in a S100

sequences, &ph-Tag fragment containing the complete E18 gyiract followed by gel migration next to molecular weight
with portions of flanking introns and &ad-Bglll fragment con-  15rkers.

taining the 3' splice site of E19. The pCMVd&J derivative was
produced by removing acdRI-Avd fragment containing 61 nt  Gel retardation assays
of the 5' portion of E17 and upstream vector sequences. Mou
N2a neuroblastoma cells were maintained in DMEM containin

10% fetal bovine serum. Transfection of N2a was accomplishe | before loading onto a 6% polyacrylamide gel (acrylamide/

using 15 and 2@Qug of Dosper Liposomal Transfection Readent .. : . L A .
(Boehringer Mannheim), respectively. Cells were harvested aﬂ%sacrylamde 29:1) containing 5% glycerol. SR proteins were

These assays were carried out as described previously (39),
xcept that heparin was added to a final concentration of 5 mg/

48 h and the RNA extracted using the guanidine-HCI procedu repared from calf thymus as described (40). Following

. ) ; INcubation with nuclear extracts or SR proteins, 1 qul Df
(33). RNA samples were subjected to DNase | digestion followe oncentrated mAb104 (40) were added to the mix prior to gel

by heat ir)activation and proteinase K treatment. RT-PCR analys Sfectrophoresis as before. For these experiments, the mAb104
was carrle_d_ out as previously described (31) with the exceptiop. 1 ijoma supernatant .Was concentrated 1d-fold using
that a modified three-step touchdown PCR protocol (34) was Us§(fi-ocon 3 microconcentrators (Amicon). Templates for the
;ooro g;e A?]rwsgli]‘liga;i:gﬁlsvsag:r}wlgﬂdé?rirtilgg gﬁﬂgfﬁtg;ﬁeg?&;l topreparann of RNA competitors were p(eparec_i by Ilnganzmg
1 min, 50C for 2 min, 72C for 3 min). The oligonucleotides used _pSF_’D (37) at t_héﬂlelll, Banll or Avd restriction sites, prior to

in vitro transcription. Cold RNA competitors were synthesized

in RT-PCR assays were CMV1 (35), Ne2 (CCTGCAG-aS above exce ;
AA R pt that the relative amount®PJUTP was
ACAGCGCTGTGCC), Ne8 (GCAGTGGC GGTTT), Nil reduced 2000-fold. In all cases, competitors were pre-

g_l-_r fecggg_?g £$gg£g§¢g,§g)PCA é%%g?ggﬁ_’?ggﬁg incubated for 10 min with nuclear extracts under gel shift
) Pu ( - conditions prior to the addition of the respective radiolabeled

ACAGTG-CCCAACGTGACCAC), Nd2 and Nf2 (31). Ampli- o\ A substrate

fied products were separated in 6% acrylamide gels. ’

In vitro transcription RESULTS

pS1 and pC553 were previously described in Chabat (35) . . L

and Coté and Chabot (31). pC883was produced by sub- SPlicing of a NCAM mini-genein vivo

stituting aPst fragment of pC553 for a\va—Pst fragment  To identify cell lines that could be used to dissect NCAM
containing the last 4 nt of E17 with its associated 5' splice sitalternative splicing, we screened mouse cell lines for their
and intron sequences. pAd553 was produced by inserting endogenous NCAM splicing profile. A RT-PCR assay using
HindIlI-Bglll fragment containing the E18—-E19 region from three oligonucleotides was performed to measure the relative
pSPE at theHindlll-BarH| sites in pSPAd (36). pd/Ad553 levels of mRNAs containing or lacking E18 in NIH 3T3
was generated by substituting the E17-containdwgl frag-  fibroblasts and in the mouse neuroblastoma cell line N2a. We
ment of pSPD for éPvull fragment of pAd553 (37). pC533 observed that the prevalence of the E18-containing mRNA
consists of &pH—Hpall fragment containing the 3' splice site species was reduced in NIH 3T3 cells compared to N2a cells
of E18 with 150 nt of exon sequences, flanked by the E1{Fig. 1B, lanes 1 and 2). A mini-gene carrying the genomic
5' splice site and the E19 3' splice site fragments describegbortion of the NCAM alternative splicing unit from E17, E18
above for pCMVdef, inserted into the pGEM2 plasmid vector.and E19 but lacking the majority of intron sequences (Fig. 1A)
The structure of all recombinant molecules was verified bywas transiently expressed in NIH 3T3 and N2a cells. RT-PCR
extensive restriction analysis and was confirmed by DNAanalysis indicated that most of the amplified products derived
sequencing. All plasmids were linearized at fhall site prior  from the expression of the mini-gene in NIH 3T3 cells lacked
to in vitro transcription. Splicing substrates were synthesized&18, while E18-containing products represented approx-
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In vitro splicing of model NCAM pre-mRNAs

Next, we prepared nuclear extracts from N2a and NIH 3T3
cells to determine whether NCAM cell-specific splicing could
be reproducedn vitro. Extracts from HelLa cells and the
human neuronally-derived Y79 cell line were also tested. To
facilitate the analysis of this large alternative splicing unit, we
constructed a shortened derivative that lacked the 3' splice site
of E18 as well as the majority of E18 sequences. This minimal

B substrate (C553) contains the 5' splice sites of E17 and E18 in
N2Za  NIH competition for the unique 3' splice site of E19 (Fig. 2A).

oA LS When C553 RNA was incubated in HelLa, N2a or Y79 extracts,

S > @939%90% ¥ the proximal 5' splice site of E18 was selected preferentially, as

- S SO SC judged by monitoring lariat splicing intermediates and prod-

- E‘% i B - -ﬁm:'i (CMVINIY) ucts on a denaturing polyacrylamide gel (Fig. 2B, lanes 1, 2
menmy [[] - Tt 2 LT i and 4, respectively). In contrast, the NIH 3T3 extract was more
EISEI9 3 45 g EE permissive to distal E17/E19 splicing (Fig. 2B, lanes 3 and 5).

Because splicing is relatively inefficient and pre-mRNA degra-
dation obscures direct visualization of mMRNAS, we relied on a
Figure 1. Alternative splicing of NCAM E18in vivo. (A) Structure of the ~RT—PCR assay to verify whether the same splicing profile
NCAM mini-gene. The positions of oligonucleotides used in RT-PCR assaygould be seen with the mRNA products (Fig. 2C). The results
are shown.B) RT—PCR assays using total RNA from N2a and NIH 3T3 cells. c)early show that amplified products derived from E18/E19
Lanes 1 and 2 represent an assay performed with oligonucleotides Nd2, NeZ ~."". . . .
and N1 to monitor endogenous E18 inclusion levels. Lanes 3-6 represent aPliCing were predominant in the Y79 extract (Fig. 2C, lane 3),
assay performed with oligonucleotides CMV1, Ne8 and Nfl to monitor whereas mRNA-derived products arising from E17/E19 splic-
mRNA species expressed from mock-transfected cells (lanes 3 and 5) and celhg were more abundant in the NIH 3T3 extract (lane 6). To
transfected with the mini-gene (lanes 4 and 6). Note that the CMV1/Nfl a”ddetermine whether the 5' spIice site selection profile observed
Nd2/Nfl oligonucleotide combinations did not generate the larger E18-. e
containing product in the PCR conditions used (not shown). in NIH 3T3 and Y79 eXtra_CtS was SpeC_IfIC for the NCAM
substrate, we tested 5' splice site selection on a non-NCAM
) - o ) pre-mRNA (S1 RNA,; see 35). In contrast to the NCAM pre-
imately half of the amplified material in N2a cells (Fig. 1B, mRNA, the analysis of lariat molecules derived from S1 RNA
lanes 6 and 4, respectively). Thus, the NCAM mini-geneindicated that the proximal 5' splice site was used preferen-
contains all the information necessary to promote cell-specifitially in both Y79 and NIH 3T3 extracts (Fig. 2D). Thus,
splicing regulation of NCAM E18. NCAM splicing regulation can be reproducgdvitro using a
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Figure 2. Regulated 5' splice site selectioA)(Structure of the model C553 pre-mRNA. The length (in nucleotides) of exon (large rectangles) or intron sequences
(thin rectangles) are indicated. The positions of the oligonucleotideg gB6d Nf2 used in the RT-PCR assays are also indicaBdn(vitro splicing of labeled

C553 pre-mRNA. Following incubation in nuclear extracts, labeled RNAs were fractionated in 9% acrylamide/7 M urea gels. Only pre-mRNAs amtilesiat sp
corresponding to distal and proximal 5' splice site utilization are shown. Proximal lariat introns migrated below the pre-mRNAs and were obBiNAed by
degradation. Lariat molecules are produced through the use of several branch sit&S)(BDnitoring in vitro splicing by RFHPCR. To visualize mRNA species

derived from C553 splicingn vitro, reactions prepared as in (B) but containing unlabeled pre-mRNA were analyzedHRORTusing oligonucleotides SP§,

and Nf2. Labeled amplified products were separated on a 6% acrylamid®yéh itro splicing of an unrelated pre-mRNA. A labeled pre-mRNA carrying the

5' splice sites of hnRNP Al exons 7 and 7B in competition for the adenovirus L2 3' splice site (35) was used in NIH 3T3 and Y79 extracts. RNA products were
fractionated in an 8.5% acrylamide/8 M urea gel.
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A enhancers have also been uncovered in the 5' or 3' common
exon of a few alternative splicing units (39,41), their role in

e 7 T 101 2 73 alternative splicing remains unclear. To ascertain whether the
€533 e E1$ —|_E19 E17 common exon in the NCAM alternative splicing unit con-

H;f:l o tained such an element, we constructed a derivative of the

NCAM mini-gene lacking 61 bp in E17 (Fig. 4A) and tested
the effects of this deletion on NCAM splicing vivo andin

vitro. In vivo this deletion decreased the relative frequency of
E17/E19 splicing in N2a cells (Fig. 4A, compare lane 2 with

B S lane 3). Because E18 inclusion is up-regulated in N2a cells, the
40 2 S E17 element may be important to maintain the production of

- nspliced NCAM mRNAs lacking E18. To verify whether the E17
- element stimulated E17/E19 splicing, we tested the effect of

the deletiorin vitro using a derivative of the C553 pre-mRNA
(Fig. 4B). Deletion of the 61 nt region eliminated E17/E19
splicing in a HelLa extract, as judged by the disappearance of
lariat species diagnostic of distal 5' splice site utilization
(C553P; Fig. 4C, lane 2). The same result was obtained in a
Y79 extract (data not shown). As we could not eliminate the
possibility that the E17 5' splice site was used poorly because
of the small size of the distal exon, we relied on a heterologous

EIT/EIR

we - W E]7EL9 substrate to verify the enhancing activity of the E17 sequences.
Grafting the E17 element upstream of the adenovirus L1
2 3 5' donor site (d/Ad553; Fig. 4B) stimulated distal 5' splice site

utilization in HelLa, Y79 and N2a extracts (Fig. 4D, lanes 1-6,
Figure 3. Regulated 3' splice site selectiod)(Structure of the model C533 and data not Shown)' These results suggest that an element
pre-mRNA. The length of exon and intron fragments and the positions ofWIt_hln the 61 nt Sequenlce O,f El?, St',mUIates the use of an
oligonucleotides SP6,, and Nf2 used in the RT—PCR assays are indicated.2djacent downstream 5 _S_p||Ce site in neuronal and_ HelLa
(B) In vitro splicing of C533 pre-mRNA detected by RIPCR. The mRNAs  extracts. Moreover, the ability of the E17 element to activate a

derived from unlabeled C533 splicirig vitro were analyzed by RFPCR  heterologous 5' splice site suggests that the effect is mediated
using oligonucleotides SR, and Nf2. Labeled amplified products were by atransacting factor
separated on a 6% acrylamide gel. ’

SR proteins interact with the E17 element

) The 61 nt coding region of NCAM E17 is conserved in several
model NCAM pre-mRNA substrate lacking most of E18 yerteprate species, the similarity with the mouse sequence
sequences and its associated 3' splice site. ~varying between 77% foiXenopusand 92% for the rat

A previous analysis by Tacke and Goridis (30) had indicateqrig. 5A). The most conserved region in E17 is a 17 nt
that although the 5' splice site of E18 was important, El&equence located within a 37 nt stretch lacking thymidines and
sequences and the 3' splice site might also play a role in splicingeginning with nine consecutive purines (GGGGGGAAG in
regulation in N2a cells. To verify whether regulation could bemouse). To address whether cellular factors associate with the
observed in the absence of the E18 5 splice site, we used@a nt region in E17, we performed gel shift assays (Fig. 5A and
model pre-mRNA which contains the 5' splice site of E17 andg). Transcripts made by terminating transcription atNhelll
the 3 splice sites of both E18 and E19 (C533; Fig. 3A). Followssite did not assemble into complexes following incubation in a
ing incubation of C533 RNA in nuclear extracts, the profile ofy79 extract, in a mixture of SR proteins purified from calf
mMRNA-derived products revealed that the E19 3' splice site Wagymus or in a HelLa S100 fraction which lacks SR proteins
selected preferentially in the NIH 3T3 extract (Fig. 3B, lane 3).data not shown). Likewise, an RNA fragment containing the
In contrast, proximal E17{E18 splicing was more eﬁ!C|¢nt|n thenighly conserved 17 nt sequence (boxed in Fig. 5A) did not
Y79 and N2a extracts (Fig. 3B, lanes 1 and 2). A similar resulstably interact with nuclear factors (data not shown). In
was observed when monitoring lariat products (data not showngontrast, a transcript terminating at theal site formed com-
Again, this splicing profile was specific for the NCAM substrate plexes in the Y79 extract, in the SR protein mixture but not in
(data not shown). The fact that NCAM E18 splicing regulationthe HeLa S100 fraction (Fig. 5B, lanes 6, 15 and 16,
can be reproduceth vitro using pre-mRNAs carrying either respectively). SR proteins in the Y79 extract contributed to the
competing 5' splice sites or competing 3{' splice sites suggesépift of the E17 element since co-incubation with the anti-SR
that the regulated spl|_C|ng .of NCAM E18 involves independentintibody mAb104 disrupted complex formation (Fig. 5C,
control of 5" and 3’ splice site selection. lanes 2—4). The addition of a heat-inactivated mAb104 had no
effect on the migration of the complex (data not shown). A
transcript terminating at thBanl site also formed complexes,
but with reduced efficiency compared to the complete 61 nt
Most studies that have addressed the control of alternativelement (Fig. 5B, lanes 1-4). These results suggest that SR
splicing have focused on elements present in alternativproteins interact with sequences in E17 and that sequences
exons or in flanking intron sequences. Although purine-richdownstream from theBanll site are required for stable

An element in exon 17 modulates NCAM 5' splice site
selection
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fragments in base pairs are indicated and their migration can be compared to molecular weight marker8jN)cture of C553 and derivative€) C553

and a derivative that carries a 61 nt deletion in E17 (€Bp®ere incubated in a HeLa extract. Proximal and distal lariat molecules were fractionated in a 9.5%
acrylamide/8 M urea gel}) The E17 sequences promote distal 5' splice site selection on a pre-mRNA substrate carrying a heterologous 5' splice site. The 61 nt
sequence in E17 was inserted in a C553 derivative in which the E17 5' splice site region was substituted for the adenovirus L1 5' splice site eteldtsassoc

region. Splicing products were fractionated on an acrylamide/urea gel.
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complex formation. This conclusion was supported by performation in the Y79 extract and in the mixture of SR proteins
forming the assay in the presence of excess of cold competitafPur; Fig. 6A and B, lanes 13-15). Compared to the wild-type
In contrast to a competitor containing the complete 61 nelement, inserting the mutatedRalement upstream of the L1
region, a competitor RNA containing the first 34 nt of the E175' splice site reduced the relative level of distal 5' splice site
region was unable to inhibit complex formation on the full- utilization (Fig. 6C, lane 5). Thus, although intact purine
length element (Fig. 5B, lanes 7-14). stretches are sufficient for complex formation, both the purine
To further delineate the sequences required for stable conelements and the A/C motifs contribute to stimulation of an
plex formation, we tested a central 32 nt region of the E1#®djacent downstream 5' splice site.
element which begins with nine consecutive purines and is Further evidence for the role of SR proteins in the activity of
followed by three A/C motifs separated by two short purinethe E17 element was obtained by monitoring the effect of
stretches (Fig. 6A, WT). Incubation of wild-type RNA in a adding SR proteins to a Y79 extract. The addition of a mixture
Y79 extract or in the SR proteins mixture led to efficient com-of SR proteins from calf thymus greatly stimulated proximal
plex formation (Fig. 6B, lanes 7-9). Insertion of this element5' splice site usage when the Felement (not bound by SR
upstream of the adenovirus L1 5' splice site stimulated splicingroteins) was present upstream of the distal site/fI553;
at that site (Fig. 6C, lane 3). To address the contribution of th&ig. 7B, lanes 4-6). In contrast, when the pre-mRNA included
purine elements and the A/C motifs, we tested mutatethe CA element (bound by SR proteins) upstream of the distal
versions of the 32 nt element. Although substituting selectedite (CA/Ad533; lanes 1-3), distal 5' splice site selection
nucleotides throughout the A/C motifs for uridines did notremained efficient despite the addition of SR proteins. These
affect complex formation (CA Fig. 6A and B, lanes 10-12), results suggest that the binding of SR proteins upstream of the
stimulation of the distal 5' splice site was compromiseddistal 5' splice site helps maintain selection at this site and are
(Fig. 6C, lane 4). In contrast, replacing selected nucleotides iconsistent with a role for SR proteins in mediating the
the purine stretches for uridines nearly abolished compleenhancing activity of the E17 element.
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DISCUSSION through exon bridging interactions (6,42). In the case of

A mini-gene construct containing the alternative splicing unitNCAM’ regulatory events targeting the individual splice sites

. . o .~ "of E18 may be required, given that E18 is an unusually large
.Of murine NCAM E18 and lacking the majority Of.ﬂ.ankmg.exon that may be refractory to communication between the
intron sequences reproduced the neuro-specific splicing profil

Bis splice sites through the exon definition pathway.
of the endogenous NCAM pre-mRNA. Extracts prepared from Our first attempt at investigating the contribution of ele-

N2a and NIH 3T3 cells mimicked thie vivosplicing profiles.  mants involved in NCAM E18 splicing in neuronal cells has
In vitro cell-specific splicing was observed with two sets 0f g tg the identification of a small 61 nt exon element located
pre-mRNAs lacking most of the E18 sequences and containing the 5' common exon E17. This element is required for E17/
either the 5 splice site or the 3 splice site of E18. The ability tae19 splicing in neuronal cells and extracts. Because the splice
achieve cell-specific regulation of splicing in the absence okites of common exons in alternative splicing units are often
the complete set of E18 splice sites suggests that distinct meckaboptimal, stimulation of E17/E19 splicing may compensate
anisms control the selection of the 5' and the 3" splice sites dér the activation of E18/E19 splicing in neuronal cells, allow-
E18. In small exons, splice site selection can be coordinateitig maintenance of an adequate balance between the two forms
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Figure 6. The purine elements are required for complex formation and 5' splice site stimul#@tjoBequence of the minimal 32 nt element from E17. The A/C
motifs interspersed between the purine elements are shown in bold. Positions mutated to U are indicated above and below theB3egelkesiué. §ssays in a

Y79 extract and purified SR proteins from calf thymus. E17 RNA terminating aAviksite was tested as before (lanes 1-3). Vect. represents an RNA transcribed
from pBluescript KS using T3 RNA polymerase and terminating atBbeR| site (lanes 46). WT, CA- and Pu consist of labeled RNAs derived from oligo-
nucleotides inserted at tHecoRV site of pBluescript KS, transcribed from the T3 promoter and terminating &¢bel site (lanes #15). The position of free

RNAs and complexes are showg)(The minimal E17 sequence promotes distal 5' splice site utilization in a Y79 extract. Oligonucleotides carrying the wild-type
32 nt sequence of E17 or mutated derivatives were inserted Bitlikesite of pAd533, upstream of the distal 5' splice site. Splicing products were fractionated on
an 11% acrylamide/8 M urea gel. Splicing intermediates and products are indicated on the right.

of NCAM proteins involved in cellular adhesion events. Thethe element can also stimulate a heterologous 5' splice site. In
fact that E17/E19 splicing must be accomplished in ara neuronal extract, the E17 element assembles into a stable
environment where E18 inclusion is activated suggests thatomplex containing SR proteins. We have shown that a 32 nt
modulating the binding of factors and the interaction betweesequence within E17 is sufficient for distal 5' splice site acti-
factors bound at all splice sites, including the constitutive onesjation, complex formation and the binding of SR proteins.
involves a complex and tightly coordinated series of events iThis element contains three purine stretches and three A/C
neuronal cells. motifs. The replacement of selected purines by uridines in the
The participation oftransacting factors mediating the purine elements compromises the binding of SR proteins and
activity of the E17 element is suggested by the observation thateakens enhancing activity. Consistent with a role for SR
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A with Tra to recruit or stabilize SR protein binding to tbex
element, an E17 element with mutated A/C motifs is still
efficiently assembled into complexes containing SR proteins.
Whether the E17 element and associated factors also contrib-
ute to efficient E18 skipping in non-neuronal cells is currently
being investigated. Although SR proteins may play a role in
regulation, western analyses suggest that the differences in
splicing between neuronal and NIH 3T3 cells are not due to
guantitative or qualitative differences in phosphorylated SR
B proteins (data not shown). Moreover, cell-specific differences
in NCAM splice site usagén vitro are not seen when using

CA~/Ad553
or

Pu~/ Ad553

CA-/Ad353 Pu/ AdS53 unrelated pre-mRNAs. Thus, NCAM splicing regulation
Sljij SRs cannot be explained solely in terms of the previously docu-
— == — =] mented effects of SR proteins on splice site selection.
s — L - While exon splicing enhancers have initially been identified
“ m Unepliced by their ability to activate 3' splice site utilization, a growing

number of exon elements have been shown to influence
- -“ E18/ E1 (Froximal) 5' splice site selection. In the caldesmon pre-mRNA, a purine-
rich splicing enhancer favors the use of the upstream 5' splice
site (48), while its substitution for the troponin T enhancer acti-
vates the downstream site (49). In thaitlesspre-mRNA of
Drosophilg activation of the downstream female-specific
5' splice site requires ais-acting element bound by Tra and
no— Tra2 (10). The NCAM E17 element therefore represents the
first documented mammalian enhancer that can activate a
downstream 5' splice site in a natural context. The assembly of
. an enhancer complex bound to E17 may stimulate U1 snRNP
binding to the flanking 5' splice site through an interaction
between the RS domains of SR and the Ul snRNP 70K
proteins (8,9).
Figure 7. Involvement of SR proteins in the activity of the E17 element. SPEcific profiles of alternative splicing likely reflect subtle
(A) Structure of the pre-mRNAs. The positions of the oligonucleotides used irdifferences in the interactions of splicing factors bound at
the RT-PCR assay are indicateB) (n vitro splicing assays in a Y79 extract competing pairs of splice sites. While the participation of a

were performed in the presence of increasing amounts (0, 70 or 140f ng) ; : : . -
purified SR proteins from calf thymus. The mRNAs derived framvitro Qlanety of elements located in alternative exons and in flanking

splicing of CA/Ad553 and PYAd553 RNA were analyzed by RIPCR using  INtrons is becomi.ng apparent, the contribution of e.nhan.cer
oligonucleotides CAPu- and Nf2, respectively. Labeled amplified products elements located in flanking common exons has received little

were separated on a 6% acrylamide gel. The positions of some moleculgittention (6,39,41,50). Purine-rich elements with enhancer
weight markers are indicated on the left. activity have been uncovered in the 3' common exon of the
fibronectin ED1 alternative splicing unit (39) and the 5' com-
mon exon of the calcitonin/CGRP alternative splicing unit
proteins in mediating the activity of the element, grafting a(41). To our knowledge, the NCAM E17 element is the first
mutated element (CA still bound by SR proteins offered example of a modulating element located in a 5' common exon
resistance against the loss of distal 5' splice site selection wheihat can promote a decrease in the inclusion frequency of a
the concentration of SR proteins is increased. Howevemearby alternative exon in its natural setting. Because the
because a mutated element defective in SR protein bindingresence of an enhancer element in a common exon may help
(Pu) still displayed a moderate level of enhancing activity, SRoffset the activity of other elements that increase the inclusion
proteins are likely not entirely responsible for the activity of of the alternative exon, it would not be surprising if enhancer
the E17 enhancer element. The contribution of additionatlements in the common exons of other alternative splicing
factors is further suggested by the effect of mutations in the Alnits also contribute to the delicate control of splice site
C motifs which, although not contributing to complex for- selection.
mation and the binding of SR proteins, reduced the enhancing
activity. A/C-rich motifs are present in a variety of enhancer
elements (43) and have recently been identified as part of %CKNOWLEDGEMENTS
bipartite enhancer in an alternative exon of the minute virus ofWe thank Marco Blanchette for helpful discussions, Johanne
mice (44). A/C-rich motifs in the repeated elements ofdsg  Toutant for transfections and help in the preparation of nuclear
enhancer irDrosophilaare bound by Tra2 (14,15,45,46) and extracts and Alain Lavigueur, Raymund Wellinger and Jane
human homologs of Tra2 bind to and mediate the enhancing/u for comments on the manuscript. J.C. and M.J.S. are
activity of A-rich elementsin vitro (47). The role of mam- recipients of a studentship from the FCAR. This work was
malian Tra2 proteins in the activity of the NCAM E17 elementsupported by a grant from the Medical Research Council of
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